To develop an MRI framework for reconstruction of 4D velocity vector blood flow volumes for visualisation and quantification of circulation in the fetal heart and major vessels.
INTRODUCTION
Blood flow imaging of the fetal heart and great vessels is extremely challenging because the heart beats very rapidly, the vessels are small and the fetus is prone to spontaneous movement as well as displacements caused by maternal respiration. Pulsed wave Doppler echocardiography 1-3 is readily available in clinics for measuring blood flow rates, and is very low cost compared to using MRI, but in practice is rarely used in fetal or paediatric cardiology. It relies on line-of-sight velocity assessment combined with assumptions about the shape and the flow profile of the targeted blood vessel to convert measurements to flow rates, and can only provide data from a single site at a time. Further still, the accuracy, precision and reliability of measurements also depend on fetal lie, maternal habitus and the level of expertise of the operating sonographer 4 .
Phase contrast (PC) MRI methods are routinely used for time-resolved quantitative blood flow measurements of the cardiovascular system in adult hearts [5] [6] [7] , and to a lesser extent in paediatric populations [8] [9] [10] and in neonates 11, 12 . In the last decade, some developments have been made towards using PC-MRI for imaging flow in the fetal cardiovascular system [13] [14] [15] , however, these approaches have been limited to single-slice acquisition, which can be heavily compromised in the event of fetal motion. Minor fetal motion, such as small displacements compared to the target vessel, can compromise the accuracy of velocity measurements, and at worst, major fetal motion can shifting the vessel out of the imaging plane entirely. This can lead to a scenario where the operator must repeatedly perform new, manually specified pilot scans, then re-acquire the PC-MRI scan until the desired images are obtained. This can be time-consuming and challenging given limited available examination time and the size of the anatomy. Moreover, even when successfully achieved, two-dimensional imaging is intrinsically limited given the wide range of anatomical arrangements and size of the heart and great vessels in congenital heart disease. Three-dimensional imaging permits visualisation of the intricate fetal vasculature and the complex connections and shunts within the developing heart. 4D flow imaging has been very recently demonstrated in the sheep fetus 16 , albeit with the use of anaesthetic to immobilise the mother and fetus, but until now only single-slice methods have been carried out in utero in the human fetus.
Recently, we have developed an MRI framework for motion-tolerant 3D imaging of the fetal cardiovascular system based upon the imaging principle of acquiring multi-planar stacks of slices for volumetric reconstruction with slice-to-volume registration (SVR), originally developed for fetal brain imaging [17] [18] [19] [20] and have demonstrated its clinical utility 21 .
This was then extended to time-resolved 4D cine imaging of the fetal heart 22, 23 . These approaches dispense with the need for precise single-slice planning; instead the operator is simply required to cover the fetal heart with a sufficient number of non-coplanar stacks. The final reconstructed 4D cine volumes allow for interpretation of the complicated fetal cardiac vessel structures and intra-chamber connections, in any 2D plane.
In this paper, the volumetric 4D cine framework was extended to generate in utero, motion-corrected, time and 3D spatially-resolved full vectoral velocity distributions of blood flow in the whole fetal heart and great vessels. In the previous framework, 4D cine volumes were generated using a k-t SENSE 24, 25 accelerated balanced steady-state free precession (bSSFP) multi-planar real-time acquisition combined with retrospective image-domain techniques for motion correction and cardiac gating. Here, velocity-encoding is achieved by exploiting the inherent flow sensitivity of bSSFP images. This has been demonstrated and exploited previously by several authors who have devised methods to achieve classic PC-MRI velocity mapping by modifying the imaging gradients 26, 27 . As bSSFP sequences possess an intrinsic velocity sensitivity that has a fixed (although oblique) direction relative to the imaging plane, the diversely-oriented planes which are a feature of SVR reconstructions provide multiple non-colinear sensitisations that could be used to recover full velocity information. In this paper, we explore this concept and present an initial framework for recovering fully motion corrected 4D velocity fields in the fetal heart. The methods deployed build on the previous fetal cine MRI framework 23 and a scattered data SVR approach adapted from fetal diffusion MRI 28 . The resulting velocity reconstruction framework was validated in both a simulated flow phantom and a physical flow phantom, and then the full 4D flow cine framework was evaluated in a cohort of seven human fetal subjects.
THEORY
When measuring a single-component of flow with a conventional phase contrast MRI sequence, such as a spoiled gradient echo (SPGR), two measurements of phase are acquired with identical sequence parameters except for different velocity-encoding gradients.
Subtraction of the two phase images removes background phase offsets and phase associated with stationary tissue, allowing for calculation of the projection of any arbitrary velocity vector on to a specified spatial direction. The magnitude and direction of velocitysensitivity is determined by the first moment (M) of the combined imaging and velocityencoding gradients. For conventional three-dimensional phase contrast flow imaging, the imaging geometry is held fixed and the velocity-encoding gradients, which are usually simple bipolar trapezoids with no zeroth order moment, are switched to different axes to create a set of orthogonal velocity-sensitive imaging volumes, as shown in Figure 1a and Figure 1b .
Adding dedicated bipolar velocity encoding gradients into bSSFP sequences is challenging as these increase the repetition time (TR). However, Markl et al. 9 devised a method for measuring through-plane flow using a bSSFP sequence by simply inverting the slice-select gradient between two consecutive acquisitions. As the readout gradients are identical between the two acquisitions, subtraction of the resulting phase images eliminates any contributions caused by all other imaging gradients. The resultant velocity-encoding is associated only with the slice-select gradient axis. Nielsen et al. 27 proposed a time-efficient method of 3D velocity mapping using bSSFP by minimally augmenting the imaging gradients to create an additional controllable velocity sensitivity. Acquisition of three sequences with unique gradient first moments allowed for estimation of 3D flow vectors.
For fetal imaging with SVR, acquisition of multi-planar stacks in different orientations is a prerequisite for volumetric reconstruction. SVR with conventional three-dimensional velocity-encoding would be prohibitively time-inefficient because a minimum of nine acquisitions are required to sample three spatial dimensions and three velocity dimensions.
Instead, we propose achieving multi-dimensional velocity-encoding by rotating stacks with identical fixed gradient first moments, as shown in Figure 1c and Figure 1d . With this scheme, a minimum of three non-coplanar stacks with (ideally orthogonal) non-colinear gradient first moments are required to sample three spatial dimensions and three velocity dimensions.
In our previous framework for fetal whole-heart 4D cine imaging, a bSSFP sequence was used for image acquisition. All three of the gradients that form bSSFP sequences with Cartesian sampling generally contribute non-zero first moments, but only the readout and slice-select gradients produce constant effects throughout the acquisition. The net effect is an oblique gradient first moment. This is directed in a plane containing the slice select and readout directions, since the effect of the phase encoding gradient, which is not zero, averages to zero. If acquisitions with three orthogonal bSSFP planes are employed, the three associated gradient moments are also orthogonal to each other ( Figure 1d ), but they are rotated relative to a standard 3D velocity encoding scheme ( Figure 1b ).
In this work, we take advantage of the diversity of imaging planes required for volumetric reconstruction of fetal hearts to sample multiple velocity-encoding directions and then to recover a full vector representation of blood flow. In theory, as in the studies by Nielsen et al. 27 , a minimum of three stacks with non-colinear first moments are required for 3D velocity-encoding, but to ensure stable inversion of phase data into velocity vectors given fetal motion, the present experiments were performed with a minimum of five bSSFP stacks.
METHODS
The proposed framework for whole-heart 4D flow cine reconstruction is shown in Figure 2 . In brief, the reconstruction consists of two streams: first, motion corrected 4D magnitude cine reconstruction is performed adhering to the pipeline outlined previously described by van Amerom et al. 23 . The data consists of multiple stacks of real-time bSSFP imaging planes, with multiple dynamics (frames) obtained for each slice. The fetal heart rate is estimated from the frames of each acquired slice and used to assign cardiac phases to each successive frame. The cardiac phases of different slice locations are synchronised and then rigid body transformations are determined for each individual frame to provide a fully motion corrected dataset for reconstruction.
Parameters generated from this pipeline, including stack and frame spatial transformations, motion correction parameters and cardiac synchronisation parameters are then passed to the phase data reconstruction stream. Background phase subtraction, gradient moment reorientation and calculation of velocity volumes are performed, before a final velocity drift correction is applied. The complete framework results in coupled 4D magnitude cine and 4D flow cine volumes which are spatially and temporally equivalent. For consistency, the mathematical notation in this manuscript follows the same logic and conventions used in the 4D magnitude cine paper 23 .
Multi-Planar Dynamic MRI
Multi-planar, dynamic MR images were acquired in stacks of parallel slices with 96 dynamics per slice position and reconstructed using k-t SENSE 24 (acceleration factor 8) with regularisation, in an identical manner to that described previously 23 (Figure 3a ). Stacks were acquired in multiple orientations to ensure full coverage of the heart and the great vessels.
The acquired data form a set of Nk dynamic MR image frames of complex type, ̃= {̃} =1,…, , where each frame, k, has an acquisition time tk and consists of elements ̃ at 2D spatial coordinates indexed by j. The complex data is reconstructed into magnitude image frames, = { } =1,…, , and phase image frames = {Φ} =1,…, .
4D Magnitude CINE Reconstruction
The magnitude image frames, Y, were used for reconstruction of a 4D magnitude cine volume = { ℎ } ℎ=1,…, ℎ , where Xh has elements xih for spatial index i and temporal index h corresponding to cardiac phase, = { ℎ } ℎ=1,…, ℎ , as described in our previous framework 23 .
The magnitude pipeline also includes an outlier detection process that operates at the voxel and frame level and is used to reduce the weight of discordant signals that are likely to be causes by image artefacts. The spatial locations of voxels in the magnitude images were identical to those in the phase image frames, , as both image types were generated from the same bSSFP acquisition. Therefore, reconstruction parameters and weights from the 4D magnitude cine stream could be passed to the 4D flow cine reconstruction stream. These included:
1. Rigid body transformation matrices, A, which align dynamic image frames with the output cine volume.
2. Image frame outlier rejection weights, Pk, which exclude or include the specified frames from further processing.
3. Cardiac cycle parameters (θ, tl RR ), which map acquired image frames with phases of the cardiac cycle.
Background Phase Correction
The phase of each bSSFP image is offset by variation in the main magnetic field, as visible in Figure 3c . This background phase must be eliminated to accurately estimate the motioninduced phase changes within the heart. After some initial experimentation, the background phase offset was estimated in each stack by fitting a third-order polynomial 27 (Figure 3d 
Gradient Moment Correction
Every slice within a single stack of phase data is acquired with the same configuration of gradient first moments, which corresponds to a fixed velocity-encoding direction relative to the slice. If fetal and/or maternal motion causes the slice to be rotated in anatomical space, then the gradient first moment is subject to the same rotation. However, the rotated slice still provides a valid projection of the velocity given the change in gradient first moment. In the proposed framework, the gradient first moments of each frame are recalculated by applying the same slice transformation matrices (A) that were applied to the equivalent slices in the 4D magnitude cine reconstruction.
4D Flow CINE Reconstruction
For a single bSSFP stack acquired with Cartesian sampling, the phase in a voxel, φjk, is given by the dot product between the gradient first moment and local velocity ( ) in the voxel:
where γ is the gyromagnetic ratio, and M q and v q jk are the gradient first moment and velocitycomponents, respectively, indexed by q for their Cartesian components. In conventional velocity-encoding, M 1…3 would typically denote the readout, phase encode and slice-select directions, but more generally M represents any orthonormal coordinate system. Note, that in a bSSFP sequence, the gradient moment, M q , associated with the phase encode direction is non-zero for each individual phase encoded data line, but for the data as a whole there is no net moment.
Fetal and maternal motion causes rotation of the gradient first moments, as = ̳ * .
Equation 2
To calculate V, the current estimates of vjk are used to simulate the phases, ̅ , which can be subtracted from the acquired phase at the same location, , to obtain an error term:
which can be minimised with by sum of squares difference using an iteratively optimised conjugate gradient descent method:
which includes a spatial edge-preserving regularisation term Reg(V) to stabilise the reconstruction and a regularisation controlling parameter, λ.
Velocity Drift Correction
Following reconstruction, it was observed that regions of static tissue in the 3D magnitude volumes displayed a velocity offset in the 4D cine velocity-component volumes. To correct for this drift, a third-order polynomial was fitted to the temporal median of each of the velocity-component volumes, V q , using a threshold mask to exclude the blood pool.
Subtraction of the polynomial from each frame of the velocity-component volumes resulted in drift-corrected velocity-component images. For the results presented, five stacks of images with 1 mm isotropic voxels were generated in different orientations: three stacks were chosen such that each was orthogonal to one set of pipes, and two stacks were specified in oblique orientations through the simulated phantom. Velocity volumes were then reconstructed using the proposed framework and the results compared with the ground truth simulated flow phantom. The simulated flow phantom MATLAB code will be made available for download upon publication of the manuscript.
Simulated Flow Phantom Study

Physical Flow Phantom Study
A simple physical constant flow phantom consisting of plastic-tubing connected to a water pump was scanned to demonstrate the proposed velocity reconstruction method. To minimise bSSFP-related artefacts, the plastic tubing was submerged in a water-filled, spherical glass flask. Two types of tubing with different internal diameters (to provide two different flow rates) were formed into a continuous loop, which returned water to the pump.
Five bSSFP stacks were acquired in the physical flow phantom: three in orthogonal orientations aligned with the scanner axes and two oblique stacks. Images were acquired with 1.5mm in-plane resolution and 3mm through-plane resolution with a 1.5mm slice overlap. With these parameters the velocity that produces a  phase shift, VENCbssfp, was 79 cm/s. The physical flow phantom was also imaged using a standard multi-planar PC-SPGR acquisition for comparison and validation of the proposed method. Three coplanar stacks with orthogonal velocity-encoding directions were acquired using the PC-SPGR acquisition, with voxel resolution identical to the bSSFP stacks. The PC-SPGR stacks were acquired with VENCspgr = 50 cm/s. PC-bSSFP velocity volumes were reconstructed using the proposed method. PC-SPGR velocity volumes were reconstructed by standard vector addition of phase data and scaling by VENCspgr.
Fetal Study
A subset of 7 singleton pregnancies were selected from the previously published cohort 23 . The only selection criteria was the availability of 5 non-coplanar bSSFP stacks for reconstruction. This was to ensure extensive sampling of all possible directions of blood flow in the heart and to allow for redundancy needed for stable inversion, even in the event of fetal and/or maternal motion which introduces unpredictable rotations to the actual velocity encoding directions. Full details of the fetal subjects, who ranged from 24 to 33 weeks gestational age (GA), are given in Table 1 . All imaging was performed with approval of the local research ethics committee and all participants gave written informed consent prior to enrolment.
Sequence parameters had been optimised as described in van Amerom et al 21 
Evaluation of 4D Flow CINE Volumes
Whole-heart 4D flow cine volumes for each subject were assessed by an expert MRI fetal cardiologist (DL) using MRtrix3 31 Figure 9a shows blood flow curves from fetus ID03 (healthy, GA 24 +4 ). When taking the mean of the entire cohort (n = 7, Figure 9b ), blood flow values were lower than expected from literature, by approximately a factor of 2 depending on the vessel. The pulmonary artery had the largest flow rate (138 ± 33 ml/min/kg), followed by the descending aorta (119 ± 56 ml/min/kg), ascending aorta (108 ± 31 ml/min/kg), ductus arteriosus (77 ± 54 ml/min/kg) and superior vena cava (74 ± 20 ml/min/kg).
RESULTS
Results
DISCUSSION
In this work, we present a method for in utero human whole-heart fetal 4D cine quantitative blood flow imaging. 4D vector flow cine MRI reconstruction was achieved by extending our previous volumetric 4D magnitude cine framework 23 One of the primary challenges of this work was reconstructing velocity measurements using phase contrast MRI without maintaining a fixed imaging volume between different velocity-encoding acquisitions. Volumetric reconstruction using slice-tovolume registration techniques [17] [18] [19] [20] [21] requires acquisition of non-coplanar stacks of images, therefore a novel approach to velocity-encoding was developed. Previous work demonstrated that quantitative flow imaging was feasible using phase images from bSSFP sequences 26 . Nielsen et al. 27 showed that multi-dimensional velocity-encoding could be achieved using balanced sequences by manipulating the gradient waveforms to impart orthogonal velocity-encoding, a concept which served as inspiration to combine multiple unique velocity-encoding samples associated with different multi-planar stacks. However, rather than manipulating the gradient waveforms to sample velocity-space, instead, identical gradient waveforms were used for all the acquired image stacks and 3D velocity-encoding was achieved purely through appropriate re-orientation of the imaging volumes and the velocity sensitive gradient moments associated with these.
Here, all experiments were performed using a minimum of five image stacks. In theory, 3D velocity encoding could be achieved using three stacks, however, fetal motion could then lead to local gaps in the sampled data that would compromise the inversion from component phases to full velocity, leading to inaccurate estimation of the final velocity vectors. Therefore, for this first demonstration of the proposed method we always required at least 5 image stacks with different orientations to ensure sufficient redundancy in the event of such motion. So far no attempt has been made to assess what is practically required of the imaging stacks, or what mitigation is appropriate to avoid incorrect results.
The physical flow phantom, which consisted of two tubes of flowing water with different internal diameters, demonstrated that the principles of non-coplanar velocityencoding worked in practice and that flow measurements using a bSSFP sequence were accurate and directionally aligned with a gold-standard PC-SPGR acquisition. Measurement of peak velocity magnitude in the two tubes using PC-bSSFP slightly underestimated the PC-SPGR values, by a small difference of 8%, in both tubes.
For this exploratory work, a total of seven fetal cases were reconstructed including three healthy subjects, two right-sided aortic arch (RAA) cases and two further abnormal subjects, ranging from 24-to 32-weeks gestational age. 4D flow cine volumes were successfully reconstructed in all subjects, with pulsatile blood flow measured in all cases, consistent velocity magnitudes (ranging between 0 and an upper limit of 70 cm/s) between reconstructions, fast blood flow through the aorta and pulmonary artery and slower blood flow in the inferior vena cava, superior vena cava and the chambers of the hearts.
The background correction of the bSSFP phase images, demonstrated by Nielsen et al. 27 and implemented here, was imperative for accurate inversion and calculation of velocity vectors. The uterus is particularly amendable to this method of phase correction because amniotic fluid fills the fetal lungs and surrounds the fetal body. This helps to minimise bSSFP-related artefacts, which would be caused particularly by air in the lungs of adults, as well as neonatal and pediatric subjects. Imaging at a relatively low 1.5T-field strength helps to reduce phase variation as well. The proposed framework is field-strength independent, but the bSSFP acquisition will need optimisation and testing at different field strengths.
Quantification of blood flow curves in the major vessels was carried out using simple 2D cross-sectional regions of interest, in keeping with current PC-MRI blood flow methods 13, 14 , however, 3D segmentation of the fetal heart could improve flow quantification.
In comparison with single-slice metric-optimised gating (MOG) fetal blood flow techniques 33, 34 
CONCLUSION
A fully motion-corrected 4D vector flow cine imaging method for fetal cardiac visualisation based on accelerated bSSFP sequences has been presented. The method was validated using simulations and using a simple constant flow phantom before being deployed in seven fetal subjects. Results confirm that the method is robust, provides coherent temporally-and spatially-resolved vector velocity fields, and can yield quantitative flow data for major fetal vessels. Despite validation data that confirms accuracy for steady flows in phantoms, at present measured flow rates in fetal vessels are lower than would be expected. There are many opportunities for improving and refining the method and these will be the subject of future research. 
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